After a major increase in incidence between the 1970s and the 1990s, the Brazilian Amazon region now accounts for the most cases of Plasmodium falciparum malaria in the Americas. Polymorphism of 10 microsatellite loci in the P. falciparum genome was studied in 196 isolates obtained from 5 populations in the region. There was significant multilocus linkage disequilibrium, particularly within populations with lower proportions of mixed-genotype infections. However, most multilocus genotypes in different isolates were distinct, and there was no evidence of any recent epidemic expansion of particular clones. Genetic divergence between populations was very substantial but did not fit a simple model of isolation by distance. Thus, different foci of P. falciparum in Brazil are quite independent, with distinct population structures and minimal gene flow, a finding that has implications for strategies to control infection and to contain the spread of drug resistance at a regional level.
A large proportion of all malaria cases in South America occur in the Brazilian Amazon region, where the incidence increased greatly between the 1970s and the early 1990s, with ∼500,000 cases now reported annually [1, 2] . Although Plasmodium vivax is the most common malaria parasite in this region, P. falciparum accounts for ∼30% of cases overall and is a greater cause of morbidity and mortality. The distribution of P. falciparum infection is focal, being more common than P. vivax in some areas but very rare or absent in others. The emergence of epidemic and endemic foci has been influenced by colonization of different areas by diverse groups of people, but it is unclear whether parasites are commonly spread from one area to another by migrants or whether they mainly emerge from local endemic populations [3] . Insecticide spraying has been useful in reducing transmission in some areas, but the main strategy of control is the prompt diagnosis and treatment of cases [1] . However, because the epidemiological factors are variable and complex and because resistance to different antimalarials has emerged [4] , an overall understanding of the population genetic structure of the parasite is important as a biological basis for considering control strategies in the future. In Asia and Africa, particular drugresistance alleles have spread on a continental scale [5] [6] [7] , but these same alleles have not been detected in the Americas, where the geographical spread of resistance appears to be more complex [4, 5] .
Microsatellite loci that contain polymorphic, simple sequence repeats are highly informative genetic markers. The P. falciparum genome contains an abundance of such loci, predominantly having dinucleotide (TA) n or trinucleotide (TAA) n repeats, with an average of 1 microsatellite locus every 2-3 kb [8, 9] . These markers have been used in studies to map traits that are inherited in the progeny of an experimental cross [10] and to analyze and compare the genetic structures of populations in different parts of the world [11, 12] . Three populations in South America (from Colombia, Bolivia, and Brazil) from which samples were obtained each showed statistically significant, nonrandom associations among alleles of 12 different microsatellite loci that are widely scattered in the genome, a pattern of multilocus linkage disequilibrium that indicates lessfrequent recombination in these populations than in populations in other parts of the world [11] . There was also a very high degree of divergence in microsatellite allele frequencies between these South American populations, indicating that they were genetically very isolated from each other. Some other studies, which used a small number of polymorphic antigen gene loci, have described extreme patterns of low genetic diversity and linkage disequilibrium in P. falciparum populations elsewhere in South and Central America, including French Guiana [13] , Honduras [14] , and the Venezuelan Amazon region [15, 16] . However, Brazilian populations have not shown such extremely low levels of allelic diversity in antigen genes [17] [18] [19] .
Here, 10 microsatellite loci are studied in 196 P. falciparum isolates obtained from 5 endemic populations in the Brazilian Amazon region. Levels of allelic diversity differ only slightly between the populations, but levels of multilocus linkage disequilibrium are markedly different. As expected, the multilocus linkage disequilibrium is highest in populations with the lowest proportions of mixed-clone infections, so it appears to be a sensitive reflection of the degree of inbreeding in the different populations. This is not accounted for by recent "epidemic" expansion of identifiable clones, since most isolates have unique multilocus genotypes, but it is indicative of ongoing reduced levels of recombination in these populations. Allele frequency patterns do not indicate recent severe genetic bottlenecks in any of the populations. The degree of genetic divergence between pairs of the populations does not correlate with the geographical distance between them.
POPULATIONS, MATERIALS, AND METHODS
Study populations and parasite isolates. The 196 P. falciparum isolates studied here were collected from 5 geographical populations in the Brazilian Amazon region: 39 isolates were from Marabá (Pará State) in 1998 and 1999, 36 were from Tailândia (Pará State) in 1998, 55 were from Porto Velho (Rondô nia State) between 1996 and 1998, 34 were from Rio Branco (Acre State) in 1996 and 1997, and 32 were from Serra do Navio (Amapá State) between 1989 and 1992. The isolates from Porto Velho comprise the majority of a sample set that has been previously genotyped and reported in an analysis of populations from different countries [12] . Figure 1 shows the geographic location of each of the populations from which samples were obtained. The 2 most closely situated locations were Tailândia and Marabá (330 km apart), and the 2 most distant were Tailândia and Rio Branco (2250 km apart). Individual subjects with P. falciparum infections were initially identified by microscopic examination of thick blood films or by the Parasight F diagnostic test for circulating antigen (P. falciparum histidinerich protein 2). From each subject, a 5-mL blood sample for parasite DNA analysis was collected, after informed consent was obtained and with approval from the ethical committees of the Evandro Chagas Institute and the National Health Foundation in Brazil. Samples were treated with proteinase K, and nucleic acids were extracted by use of 2 rounds of phenol: chloroform:isoamyl alcohol (25:24:1), 1 round of chloroform, and 1 round of ether, followed by ethanol precipitation. The extracted nucleic acid samples were dissolved in sterile, pure deionized water and stored at Ϫ20ЊC before use.
Genotyping of P. falciparum microsatellites. Ten polymorphic P. falciparum microsatellite loci were studied (chromosomal locations in parentheses) [9] :
, and TA60 (Chr13). These 10 loci are among those used in 2 large analyses of global populations [11, 12] . Seminested polymerase chain reaction amplification was performed with a dye-labelled inner primer for each locus, and the sizes of allelic fragments were analyzed, by electrophoresis, on an automated sequencer (ABI 377), with scoring and checking by use of GENESCAN and GENOTYPER programs (Applied Biosystems). We used the method described by Anderson et al. [20] , with modifications in the combination of florescent dyes used [12] .
Statistical analyses. In each isolate, the single or predominant allele at each locus was scored and counted toward the population sample for that location. If an additional allele was present (due to the presence of a second parasite clone in the infection), this was recorded, but the allele did not count toward a The isolates from Porto Velho comprise the majority of a sample set that has been described elsewhere [12] .
the population sample. The within-population diversity at each locus was summarized by use of the virtual heterozygosity index, H, equal to 1 minus the sum of the squared allele frequencies [21] . Between-population measurements of differentiation for each locus (and values averaged over all loci) were performed by use of the fixation indices F ST and R ST . The F ST index is based on the differences in allele frequencies in each population, giving a potential range from 0 (no frequency differences) to 1.0 (completely fixed differences with no shared alleles). Values of the v version of F ST [22] were calculated by use of the DOS-based FSTAT program (version 1.2) [23] , which performs calculations in the same way as a more accessible Windows-based version (2.9.3.2) (http://www2.unil.ch/popgen /softwares/fstat.htm). This F ST index was calculated for each of the 10 microsatellite loci studied here. The standardized R ST index is based on the variance in numbers of copies of a simple sequence tandem repeat (microsatellite length) among alleles within a population and between populations, as performed with the RSTCALC program [24] . The R ST index was calculated for 6 of the microsatellite loci studied here (TA81, TA87, ARA2, PfPK2, Pfg377, and TA60), in which the polymorphism has been considered to conform to a stepwise mutation model (SMM) [25] . Correlations between genetic distance (F ST or R ST ) and geographical distance between pairs of populations were explored by use of nonparametric correlation coefficients, and the significance was tested with a partial Mantel test of matrix correlation by use of GENEPOP with a Web interface (http:// wbiomed.curtin.edu.au/genepop/). Genetic relationships among the 10-locus microsatellite haplotypes were analyzed by use of the eBURST algorithm (http: //eburst.mlst.net). eBURST identifies groups of related haplotypes on the basis of a simple evolution model in which an ancestral or "founding" haplotype increases in frequency in the population and, while doing so, begins to diversify to produce a cluster of closely related haplotypes [26] . A stringent definition was used to identify groups of haplotypes that are believed to descend from a single founding haplotype ("clonal complexes" of haplotypes that are identical to others at 9 of the 10 loci studied), and a less-stringent definition was used to identify more loosely related haplotypes that may not be assumed to belong to a clonal complex (identical to others at 7 or 8 of the 10 loci studied).
The standardized index of association ( ) among alleles from S I A all 10 loci was calculated to test for evidence of multilocus linkage disequilibrium in each population. This index is a modification of the index of association originally described elsewhere [27] , which has been standardized for the number of loci used so that comparisons are possible among studies using different numbers of loci. The values were calculated by use S I A of the LIAN 3.0 program [28] , with permutation testing of the null hypothesis of complete linkage equilibrium ( ). For S I p 0 A each population, the analysis was performed in 3 different ways, following an example from a previous study [11] , as explained in Results.
A test for evidence of a bottleneck in each population was applied, by comparing the virtual heterozygosity, H, at each locus with that expected under mutation-drift equilibrium, given the number of different alleles in each population sample. It is considered that a bottleneck will result in observed values of virtual heterozygosity being greater than expected from the numbers of alleles (since the numbers of alleles will have been disproportionately reduced). The expectations were generated by use of 2 different models for the relationships among alleles: (1) the infinite alleles model (IAM) applied to all 10 loci and (2) the SMM applied to the 6 loci noted above, by use of the BOTTLENECK program (version 1.2.02) [29] . The proportions of loci with observed values higher or lower than expected were compared with random expectations, by use of an exact test.
RESULTS
Allele frequency distributions and within-population diversity. Each of the 196 P. falciparum isolates from 5 different populations in the Brazilian Amazon region was typed for all 10 microsatellite loci. A minority of isolates apparently contained 11 P. falciparum genotype (with 11 allele at any of the 10 loci). The proportion of such isolates differed significantly among populations ( ), ranging from 14% in Tailândia P ! .05 The isolates from Porto Velho comprise the majority of a sample set that has been described elsewhere [12] .
to 38% in Marabá (table 1) . Most of these mixed-genotype infections had mixed alleles at only 1 or 2 of the 10 loci typed, so that the overall proportion of all individual locus scores that had 11 allele was very low, ranging from 1.5% in Rio Branco to 5.9% in Marabá (table 1) . In all cases, there was a clear majority allele on the electropherogram, and this was counted toward the sample of allele frequencies. Among the 5 populations, there were only very slight differences in the mean number of alleles per locus or the gene diversity (virtual heterozygosity) index (table 1) . The allele frequencies for each of the populations are given in table 2.
Tests for multilocus linkage disequilibrium within populations. The was used to test for evidence of multilocus S I A linkage disequilibrium in each of the populations, with permutation testing of the null hypothesis of (equilibrium S I p 0 A of multilocus frequencies). This test was applied to the data from each population in 3 ways, as in a previous study [11] .
First, all majority allele scores for an isolate, for the 10 loci, were considered to indicate an infection haplotype (admitting that this could technically result in some "false" haplotype profiles in isolates that have mixed alleles at у2 loci). Second, the mixed-clone isolates were excluded so that only the single-clone infections were analyzed (giving slightly smaller sample sizes but absolute confidence in the haplotype profiles). Third, any multilocus genotypes that occurred in 11 isolate were only counted once in the analysis (thus collapsing the data slightly and thereby removing the possible effect of recent epidemic expansion of particular clones). The analysis of all infection haplotypes indicates significant multilocus linkage disequilibrium ( ) in all 5 of the pop- (table 3) . Similar results were obtained when only single-clone infections were analyzed, except that the value for 1 population was no longer significant (table 3) . The results were also very similar when each haplotype was counted only once, Figure 2 . Relationships among 165 different 10-locus microsatellite infection haplotypes in 189 isolates collected in the Amazon Basin of Brazil, as defined by an eBURST analysis. Each line connects haplotypes that are identical at 9 of the 10 loci, and all connected haplotypes are considered to be possible descendants from a single founding haplotype, forming 11 different "clonal complexes" (with 2-32 haplotypes each). The majority of haplotypes are shown as isolated points, since they differ by у2 microsatellite loci from all others (though they are shown in the figure because they share at least 7 alleles with у1 others). Seven other haplotypes, each recovered from a single isolate, are not shown, since they differ by 13 alleles from all others. The size of the circles representing haplotypes is proportional to the number of isolates in which the haplotype was seen, ranging from 1 (in most cases) to 6 (for the most-common haplotype, 89). The large haplotype cluster in the center of the figure contains isolates only from Rio Branco, whereas the 2 large clusters at the left of the figure each contain isolates from different populations.
except that the values for 2 populations were then no longer significant ( (termed infection haplotypes), and, among the 148 isolates representing single-clone infections, there were 131 different haplotypes (strictly definable as being "true" haplotypes). Each of the haplotypes present in 11 isolate was seen in only 1 of the populations, except for 3 haplotypes (39, seen in 2 isolates from Marabá and 1 isolate from Porto Velho; 67, seen in 2 isolates from Serra do Navio and 1 isolate from Porto Velho; and 89, seen in 5 isolates from Marabá and 1 isolate from Tailândia). Five haplotypes were seen in isolates from different years. Relationships among closely related haplotypes were analyzed by use of the eBurst algorithm, which was applied to infection haplotypes here, to cover as much of the diversity as possible (figure 2). Haplotypes connected by single lines are identical at 9 of the 10 loci studied, and these connected haplotypes form groups that may be termed clonal complexes (incorporating between 2 and 32 haplotypes that are putatively related to 1 founding haplotype). The clonal complex of 17 haplotypes located at the center of the figure includes isolates from Rio Branco only (none of these haplotypes are seen elsewhere), whereas the 2 large clonal complexes to the bottom left of the figure each include isolates from 11 population. This suggests that there is some connection between the different populations but that the Rio Branco population might be the most distinct.
Genetic divergence among the different populations. Allele frequencies show considerable variance among populations, with 19% of the overall allelic variation being attributable to differences among the 5 populations (mean , for all F p 0.19 Test for evidence of genetic bottlenecks. A parasite population with very unstable endemicity might be prone to a genetic bottleneck due to fluctuations of effective population size down to occasional very low levels. Evidence of a recent bottleneck can be sought by comparing the gene diversity (virtual heterozygosity) derived from the observed allele frequency distribution at each locus, compared with the theoretically expected diversity under mutation-drift equilibrium, given the observed number of alleles at each locus. Rare alleles are disproportionately likely to be lost during a bottleneck, whereas the virtual heterozygosity index, which relies mainly on common alleles, is less severely affected [29] . Thus, a postbottleneck population that has been purged of rare alleles will tend to have a higher virtual heterozygosity than the equilibrium expectation, given the (reduced) number of alleles. The observed numbers of alleles and virtual heterozygosity, for each locus, were determined for each of the 5 populations here (from the full data set in table 2). The theoretical expectations were derived from an IAM applied to each of the 10 loci or an SMM applied to the 6 loci that were previously considered to potentially conform to this mode of evolution [25] . Table 5 shows the proportions of the loci for which the observed virtual heterozygosity was greater than or less than the theoretically expected value, for each of the 5 populations. By use of the IAM, in all populations, the numbers of loci with values that are higher or lower than expected are evenly split, and, thus, there is no significant departure from the expected values. By use of the SMM, 2 of the 5 populations (Marabá and Serra do Navio) have a significant excess of loci, with values of virtual heterozygosity lower than expected from the numbers of different alleles (this trend is opposite that expected from a bottleneck effect). Thus, on the basis of this test, there is no evidence of recent severe genetic bottlenecks in any of the populations.
DISCUSSION
This is the first reported study of the genetic structure of P. falciparum involving analysis of microsatellite loci in isolates from multiple populations in a single country. Since the Brazilian Amazon is a huge and diverse region in which the epidemiology of malaria is complex and geographically variable, it was particularly relevant to examine the population genetic structure there.
There was a high degree of genetic divergence among populations, indicating as much divergence in allele frequencies among some of the Brazilian parasite populations as has been seen among populations in different countries in South America and in different continents [11] . The pairwise F ST genetic distances between populations differed widely, but a matrix correlation analysis showed that these were not significantly associated with the geographical distances between the populations. Rio Branco was the most divergent from the other populations, as indicated by higher F ST values and by the existence of a complex of related haplotypes that were restricted to this population. This highlights the fact that there are very distinct geographical foci of P. falciparum endemicity in the Brazilian Amazon region and that the genetic relationship among these is not determined by a simple model of isolation by distance. Frequencies within a population are quite stable, as assessed by analysis of microsatellite genotypes obtained over a longer period of time (110 years) in Porto Velho [30] . In the present study, the population in Serra do Navio, from which samples were obtained from 1989 to 1992, was not an outlier, compared with the other populations, from which samples were obtained during the late 1990s.
Globally, linkage disequilibrium has been inversely associated with transmission intensity in P. falciparum, since the parasite has a mixed mating system (in which fertilization may occur between parasite gametes of either same or different genotypes in mosquitoes that feed on blood containing multiple genotypes). Higher levels of transmission increase the proportion of infections that have mixed genotypes, so inbreeding (and consequently linkage disequilibrium) predominates in lowtransmission areas, whereas higher levels of outbreeding occur in high-transmission areas [11] . The present study has shown that a spectrum of population structures exists within the Brazilian Amazon region.
Within each of the local parasite populations, significant deviations from random associations among loci were observed when the data on all of the isolates were analyzed. To investigate whether populations had an epidemic structure, in the sense proposed by Maynard Smith et al. [27] and previously applied to P. falciparum population data by Anderson et al. [11] , we then treated multiply represented genotypes as individuals, after which significant linkage disequilibrium remained only in Rio Branco, Tailândia, and Serra do Navio. This indicated that there is an ongoing reduced recombination rate in these populations due to inbreeding, rather than recent epidemic expansion of particular clones. However, the existence of networks of related multilocus haplotypes indicated that some parasite isolates were closely related, and these could be considered as belonging to clonal complexes that have each emerged from a single ancestral haplotype. The strength of linkage disequilibrium within populations was inversely related to the proportion of mixed-genotype infections within the populations, as was expected.
Geographical variation in the extent of parasite inbreeding may have consequences for the success of potential malariacontrol strategies. The degree of inbreeding modifies the effective recombination rate [31, 32] and may affect the rate of increase of drug resistance when 11 gene locus is involved [31, 33, 34] . There is widespread resistance to chloroquine and quinine [35, 36] , Fansidar [4] , and mefloquine [37] in different parts of Brazil. Under some conditions [31] , it is possible that the higher degree of inbreeding in some populations (such as Rio Branco, Serra do Navio, and Tailândia) could allow the more-rapid increase of multilocus drug-resistant genotypes, compared with other populations (such as Porto Velho and Marabá). The heterogeneity in population structure, effective recombination rates within populations, and geographical population subdivision are likely to affect the evolution of P. falciparum in different parts of the Brazilian Amazon region. This is consistent with the view that P. falciparum malaria in the largest endemic region of the Americas should not be seen as a single entity, and different strategies for prevention and control may be optimal for its diverse endemic locations.
